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Abstract: The work is devoted to the development of the classical theory of
electromagnetic fields (EMF). By way of deduction, built tensors EMF and received the
complete system of equations EMF describing its rotation and deformation in pseudo-
Euclidean Minkowski space. In addition to the well-known Maxwell's equations, the system
contains four new equations EMF. Shows the physical essence of the calibration Lorentz.
Received new wave equation EMF. The equation for the new components of the intensities of
the symmetric part of the EMF. Get a new Lagrangian EMF. The expressions for the
electromagnetic forces, including forces Nikolaev and two new dynamic electromagnetic

forces.
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AHHOTauusa. PaboTa nocsslleHa pa3BUTUIO KNAacCUYECKON TeOPUN NEKTPOMarHMTHOro
nona (OMI1). Metogom geaykuum nocTpoeHbl TeH3opbl AMI 1 nonyyeHa nonHas cuctema
ypaBHeHun OMI1, onucbiBatowas ero BpalieHve wn gedopMaumio B NCEBLOEBKINOOBOM
npoctpaHcTBe MuHkoBcKoro. Kpome mn3BecTHbIX ypaBHeHUN MakceBenna, cuctema cooepxuT
yeTblpe HOBbIX ypaBHeHua 3MI1. [lokasaHa dmamyeckasi CywHOCTb Kanubposku JlopeHua.
lMonyyeHbl HOBble BOSMHOBblE YypaBHeHUs OJOMI. 3anucaHbl BbIpaXeHUs AOns  HOBbIX
KOMMOHEHTOB HanpsXeHHOCTEN cuMMeTpuyHon 4Yactn OMI1. [MonyyeH HOBbIM NarpaHxwnaH
OMIT. MNonyyeHbl BbipaXXeHus ANs ANEeKTPOMarHUTHbIX CUIl, B TOM Yucne ansa cunbel Hukonaesa

N ABYX HOBbIX AMHAMUYECKNX SJTEKTPOMArHUTHbLIX CUJ1.
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KnioueBble cnoBa: ANeKTpoMarHMTHoe norie, p,e(bopmau,ml noJid, BeKTop-noTeHuunan,
TEH30pbl, BOJTHOBbIE YpaBHEHUA, Kanvl6p0|3|<a J'IopeHu,a, ANEeKTPOMarHnTHble CUJlbl, CUIa

Hukonaesa.
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Jintepatypa

1 BBegeHue

OCHOBbI COBPEMEHHOW KMacCUYEeCKON 3NeKTPOAMHAMUKM MNOCTPOEHbl WUHAYKTUBHbLIM
MEeTOLOM Ha ocHoBe 00600LWeHna pesynbTatoB OMbITOB, pPasfMyHbIX AOMYLEHUSX W
TEeOopeTUYECKNX KOHCTPYKUMSAX, obecnevmBalomnx CBA3b MeXay OTAEeNbHbIMU YacTsMU TEOPUN.
Takon meToa He NO3BOSISIET NOCTPOUTb 3aKOHYEHHYHK TEOPUID, FAPaHTUPOBAHHYIO OT HanMyus
B HEN «BenbIX NATEHY.

TeopeTnyeckon 6Ga3on anNekTpoaMHAMUKM  SBNSKOTCA  ypaBHeHuMst Makcenna,
NOSTly4YEHHbIE 3MMUPUYECKMM MNyTEM, W3 KOTOPbIX CredylT BCe €€ OCHOBHble BblBOAbI.
YcTaHoBMEHO, YTO ypaBHeHMst MakcBenna Takke crnegyrT U3 aHTUCUMMMETPUYHOrO TeH3opa
anekTpomarHutHoro nons (OMI1), Hanpumep [1 c. 263], KaKk ypaBHEHUS CBA3M MexXay
KOMMOHEHTaMn 3TOro TeH30pa.

KoMnoHeHTaMM  aHTUCUMMETPUYHOro TeH3opa JMI1  aBnawTCca  NPOM3BOAHbIE
CKandpHOro Wu BEKTOPHOro noTeHuuanos OMI1, kKOMOMHaUMK KOTOPLIX oOnpedeneHbl Kak
KOMMOHEHTbl 3MEeKTPUYECKOro U MarHUTHOro nons. OTOT aHTUCMMMETPUYHBLIN  4-TEeH30p
npeacraBnseT cobon 4YeTblpeXMeEpHbIN poTop noTeHumnanos OMI1, a cneaywouwme M3 Hero
ypaBHeHna MakcBenna onucbiBaloT BpalwleHne OMI1 B nceBOOeBKMAOBOM MPOCTPaHCTBE
MwuHkoBCcKOro. Ha oOCHOBe OOHO3HA4YHOro pasfnoXeHust TeH3opa obuwero Buga Ha
CUMMETPUYHBIA U AHTUCUMMETPUYHLINA TEH30PbI, aHTUCUMMETPUYHOMY TeH3opy OMI1 moxHOo
OAHO3HA4YHO COMOCTaBUTb CUMMETPUYHBIA 4-TEH30p, ONUCbIBAKLWMA  YeTblpexXMepHble
aedopmaunn SMIN B nceBooeBKNMAOBOM nNpocTtpaHcTBe MuHkoBckoro. KOMnoHeHTamu atoro
CAMMETPUYHOIO 4-TeH30pa Takke SBASATCA MPOU3BOAHLIE CKaNspPHOrO U BEKTOPHOro
noteHumanos OMI1, HO B KOMBWMHAUMAX, OTANYHBLIX OT KOMOMHAUUN AHTUCUMMETPUYHOIO
TeH3opa AMI1. N3 3Toro cMMMeTpUYHOro 4-TeH3opa crnenyT ypaBHeHUs gedopmauum SMI,

AononHsawLwme cuctemy ypasHeHnt Makceenna.



AHTUCUMMETPUYHBIN U CUMMETPUYHBLIN 4-TeH3opbl OMI npeacraesnsoT cobon aBe
COCTaBHble 4acTu nonHoro 4-teHsopa OMI1 obwero Buaa, M3 KOTOPOro Takke criedyloT
ypaBHeHna OMI1. Takum obpasom, MOsfHyt TeopeTudeckyro 6asy anekTpoanHaMMKM MOXKHO
NOCTPOUTb AeOYKTUBHbIM METOAOM Ha OCHOBe MonHoro 4-teHsopa OMIT obwero Buaa,
KOMMOHEHTaMM KOTOPOro SBASIOTCA NPOWU3BOAHbLIE CKaNsSpHOrO M BEKTOPHOrO NOTEHLManos

OMI1.  3tor TeHsop OMIl obwero Buaa MOXHO  MOMYYNUTb  KOBapUaHTHbIM
AnddepeHLMpoBaHMeM YeTbIPEXMEPHOTO BeKTop-noTeHumana MM A .

PaboTta nocesileHa MNOCTPOEHUO AeOyKTUBHBIM MeTogoM TeopeTudeckon 6asbl
SNEeKTPoANHaMMKM  BKITlovawwen TeHzopbl IMIN, nonHyio cuctemy ypaBHeHun JIMI,
onucblBawLLyto BpalwleHus u gedopmauun IOMIT B nceBOOEBKNNMOOBOM MPOCTPAHCTBE
MwuHkoBckoro. N3 cummeTtpudHoro 4-teHsopa OMI1 cnenyoT HOBble BMAbl HANPS)KEHHOCTEWN
OMI, HoBbIM BMO BOMHOBOrO ypaBHeHna OMI1, onucbiBaloWeEro nonepeyHble
SNEeKTPOMarHUTHbIE BOJSIHbI U HOBbLIV B OMHAMUYECKUX 3IIEKTPOMAarHUTHbLIX CUI, HOBbIM BUA

narpanxuaHa SMI1. NokasaHa dm3myeckast CyLHOCTb KannbpoBoYHOro ycnosus JlopeHua.

2 TeH30pbl 3NEKTPOMarHUTHOro nons
B HacToswen paboTe reomeTpmsa NpPOCTpPaHCTBA-BPEMEHW MNPUHUMAETCA B Buae

ncesaoeBKnMaooBa rNnpocTpaHcTBa MwuHKoBCKOrO. Pa)J,I/IyC-BeKTOp B 3TOM NPOCTpPaHCTBE NMEET

komnoHeHTbl R, (ct,i-R). MM noHMmaeTcs kak nomne YeTbIpeXMEPHOro BEKTOP-MoTeHLuana

OMIT A#((olc,i-A), rae @ m A ckanspHbii U BEKTOPHbIM noTeHumansl AMI1 B eBKIMAOBbLIM

NPOCTpPaHCTBE. Takum o6pa30M, NPUHNMaeTCA aKCnoma o cywieCctBoBaHNU B

NceBAOEBKNMAOBOM MPOCTPAHCTBE-BPEMEHN MONSA 3MeKTPOMarHUTHOrO BeKTOp-noTeHuumana
A, (p/c,i-A). Ha ocHOoBe 3TOI akC1OMbl, AEAYKTUBHBIM METOLOM HaxoaaTcs TeH3opbl AMI

cnegyowme u3 HUX ypasHeHus asmxkerHnsa IMI. MNoa aswxkeHnamu MM noHnmaroTcsa nobdble

nameHeHna MM BO BpeMEHU U NPOCTPaHCTBE.

Tensop F,, HanpsbkeHHocTen OMI1  obwero Buaa nonyynuM KOBapUaHTHbIM
A depeHumpoBaHmemM BekTop-noteHyuana A
F,=0,A,=0A (p/ciA)lox,(c-ti-X,)
rae X,- KoopauHaTbl B €BKNWOOBOM npocTpaHcTee. B maTpuyHoM npeacrtasneHun 3T1oT

TeH30p HanpsikeHHocTen AMIT nmeet BuA:
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Takum 06pas3om, CUMMETPUYHBLIN U AaHTUCUMMETPUYHBIN TeH30pbl AMIT ABNAOTCA COCTaBHbIMU
yacTaMu nomnHoro TeHsopa OMI1 (1), M nNoOaToMy Kaxgass M3 3TUX COCTaBHbIX 4YacTeun
OonucbiBaeT TOMbKO CBOK YacTtb cBouctB OMI1l. VMMeHHO no3TomMy, NpUMEHSIEMbIA B
3NeKTpoANHaAMMKE aAHTUCUMMETPUYHBIA  TEH30p, ONUCbIBaeT Tomnbko cBoncTBa JIMIT,
CBA3aHHble C ero BpalleHnem B npocTpaHcTBe MWHKOBCKOrO U He OnucbiBaeT CBOWCTB,
CBSA3aHHbIX C gecopmaumen nons.

CUMMETPUYHBIN TEH30p HanpsbkeHHocTen OMI1 B MaTpMyHOM NpeacTtaBrieHUn UMeeT

BUA;
1 1. 1. 1.
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OTOT TEH30p ONUCbIBaeT uJeTblpexmepHble agedopmauun OSOMIN. B  cyuwectBylowen
ANEeKTpoANHaAMUKE TEOPUS YeTbipeXMepPHbIX AedopMaunin Nosis OTCyTCTBYET. OTO NPUBOAUT K
ee OrpaHnYeHHOCTH, Tak kak gedopmaumsam OMIT coOTBETCTBYIOT CBOU 3NEKTPOMArHUTHbIE
CUnbl N SHEpPrna aedopMauum, KOTopble CyLLECTBYIOLWEN SNEKTPOANHAMMUKE HE YYUTLIBAKOTCS.
[dunaroHanbHble 4neHbl TeH3opa (3) OnNUCbIBAalOT OOBLEMHYK YeTbIPEXMEPHYHO
aedopmaunio pacumpenusi/cxatna OMI. OcTtanbHble KOMAOHEHTbI CUMMETPUYHOIO TEH30pa

(3) onuckbiBatoT YeTblpexmepHble gedopmaumn casura IMI. Cymma guaroHanbHbIX YSIEHOB

cMMMeETpUYHOro TeHsopa (3) Tr=0,p/c* +V-A sBnseTca cnegom TeH3opos (1) u (3) u ux

WHBAPUaAHTOM. JTO BbIpaXXeHME TaKkKe COOTBETCTBYET BbIPaXXeHWM0 Ansi kKanmbposku JlopeHua
npm Tr=0. N3 aToro crneayet, 4YTo NpMMeHeHWe kannbpoBku JlopeHua, T.e. MCKM4YeHMe
ANaroHanbHbIX YNIEHOB CUMMETPUYHOro TeH3opa (3) u3 ypaBHeHun OMI1, usndeckn
O3Ha4YaeT UCKIYEHUEe U3 HUX OnucaHus obbeMHon 4veTbipexmepHon gedopmaumm SMI1. B
9TOM U 3aKno4vaeTcs usndeckas CyLHOCTb kanmbposku JlopeHua.

AHTUCUMMETPUYHLIA TEH30p HanpshkeHHocTen OMI1 B mMaTpuMyHOM npeacTaBreHuun

MMeeT Bna:
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OTOT aHTUCMMMETPUYHLIN TEH30P ABNSAETCS KNAacCUYECKMM TEH30POM HanpsikeHHocTen SMIT,
NPYMEHAEeMbIM B CyllecTBylOWen anekTpoaMHamuke. W3 BbipaxeHus (2) BMOHO, 4TO
AHTUCMMMETPUYHBIN TEH30P ABMNSETCA TONMbKO YacTbio 6a3oBoro TeH3opa AMI1 (1) u noatomy
OH MPUHUMNUAanbHO He MOXeT oTpaxaTtb Bcex cBoncTtB OMI1. 3anuwem aHTUCMMMETPUYHBIN
TeH3op OMI1 (4) c nomoLbio 0603HaYEHUI HANPSXKEHHOCTEN anekTpudeckoro E n marHntHoro
nona B, KkoTopble B 3neKTpOAUHAMUKE BbIpaXalTcsd Yepe3 KOMOUHaUUW NPOWU3BOAHbIX

CKansapHoro ¢ n BektopHoro A noteHumanos 3MI1 (B cucteme CU) B Buge:

E=-Vp-0A
B=VxA= (ayAz _asz)x +(azA>< _aXAz)y +(8XAY _ayA’()Z

Torga knaccuyeckum aHTUCUMMMETPUYHbIM TeH3op OMI1 (4) umeeT Bua (KOIPPULMEHT V2

onyLUeH):
0 Liioa +o.0) Li-oa 10,00 Lii@A 10,0 o -Yig “lig lig
c C c c c c (5)
—%i-(@tAx+6x(p) 0 @A -0,A)  (@,A-0,A) %i-Ex 0 B, -B,
Fou = =
[va]
" —%i~(5[Ay+ay(p) -(0,A, -8,A) 0, (@,A,-9,A) %i-Ey -B, 0 B,
—%il(ﬁ‘AZ+6Zgo) -(0,A,-0,A,) -(0,A,-0,A) 0 %i~EZ B, -B, 0

AHanormyHbiM 06pa3oM MOXHO 3anucatb U CUMMETPUYHbIA TeHsop JMIT (3).
[MocKkonbKy KOMMOHEHTLI TeH30pa (3) MetoT apyrme KoMorMHaunm NPon3BoaHbIX @ U A, BBEAEM

ANsi HOBbIX KOMOWHALMI NPOU3BOAHbLIX crieayolmne ob6o3HauYeHus:

K=0,A-Vgp
L=V®A=(0,A +0,A),+(0,A+0,A), +(0,A +0,A),
1
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Torga cMMMeTpUYHbIN TEH30p (3) MOXHO 3anucaTb B BUAe (KoadpduumeHT Y2 onyLueH):

1 1. 1. 1. .1 .1 1.
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Takum obpasom, pasnoxeHue (2) nonHoro 4-teH3opa AMI (1) MoXxHO 3anucaTb B BUAE:
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- - c c
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i-=K, L, 2.G, L, ~i-E, -B, 0 B,
c c
iéKZ L, L, 2-G, 1i~EZ B, -B, 0
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Tpw HoBble KOMBVHaLUMK NPoM3BOAHbLIX NoTeHuunanos AMI1 G, L, K umetoT TouHo Takoe
unanyeckoe 3HavyeHne, Kak 1 KOMOUHaLMM NPON3BOAHbLIX, COOTBETCTBYHOLLNX 3NEKTPUYECKOMY
E n marHutHOoMy nosnto B, T.e. 9BNAOTCA cUnoBbIMU Xapaktepuctukamn OMI. Bce aTn natb
dusnyecknx cunosbix nonen G, L, K, E, B aBnawoTca KOMNoHeHTamMn eauHOro mnons

npounssogHbix OMI1, onucbiBaemoro 6a3oBbiM TeH30poM (1) M HepaspbiBHO U OL4HO3HAYHO

CBA3AHbI APYr C APYroM Yepes BekTop-noteHuman A . lMpu 3TOM HanpsbhkeHHOCTM nosnent Gy,

L, K, E, B xapaktepusyloT cnegyroLime cusbi:

Gy - cunbl 06bEMHOM YeTblipexmepHon Aedopmannn pacumnperua/cxatns IMIT;

K - cunbl npocTpaHCTBEHHO-BpeMeHHoM aedopmaunmn casura MM,

L — cunbl NnpoCTpaHCTBEHHO-YrnoBon gedopmaumm casura SMIT,

E — cunbl npocTpaHCTBEHHO-BPEMEHHOIO BpaweHnst M,

B — cunbl NpoCTpaHCTBEHHO-YIMOBOro BpaLleHus SMI.
BblpaxeHusi, onucbiBarowmMe B3aUMOAENCTBUS ITUX INEKTPOMArHUTHBLIX CUMOBBIX MOMEn C
9NEeKTpUYecKUMu 3apsgamMmmn U Tokamm, ByayT paccMmoTpeHbl B rnase 5. Kaxgon M3 aTux cun
COOTBETCTBYET CBOW BWA  SNEKTPOMarHUTHOM  3Heprum  B3aumogenctena OMIT ¢

ANEeKTPpn4eCKMMHM 3apagamMmm n ToOKkaMu.

3 YpaBHeHUA ABMXEHUA 3NEeKTPOMarHUTHOro nons

Mog pBwxkeHnsmn OMIT noHumarTcsa nobble ero U3MEHeHWs BO BPEMEHU U
npocTpaHcTBe. YpaBHeHusa asmxeHns MM Hangem n3 TeH3opoB HanpskeHHocTen OMIT (1),
(3) n (4), kaKk ypaBHeHUs CBA3M MexXay WX KOMMOHeHTamu, AuddepeHunpoBaHmemMm C
nocnenyLwmm cBepTbiBaHNEM.

N3 6a3oBoro TeH3opa OMI1 (1) cneaytoT ypaBHeHUs asmxkeHna MM B noTeHumnanax:

1 1

C_zan(/’_A(/’:plgo (8) C_zanA_AA::UO'J (©)
1 1

at(c—25t¢+V-A)=0 (10) V(C—28t¢+V-A)=0 (11)

YpaBHeHna (8) u (9) saBnsawTca wm3BecTHbiMM [2 c. 207] KnaccMyYeckumMu BOSTHOBbIMU
ypaBHeHnamu Hanambepa gna noteHumanos OMI1. [na mnx nonyvyeHuss B CyLLECTBYHOLLEN

ANEeKTpoAnHaMUNKE MUCNOJIb3yeTCA KaﬂM6pOBO‘-IH06 ycnosue JlopeHua. B gaHHOM cny4yae 3T
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ypaBHeHUs 6e3 O0onoNHUTEmNbHbIX YCNOBUMW aBTOMaTUYeckn crneayloT n3 6as3oBoro TeH3opa
OMIT (1), uTo yKasbiBaeT Ha uUx pyHaameHTanbHOCTb B Teopun IMI. YpasHeHusa (10) n (11)
ABNAIOTCA HOBbIMU, U UX MOXHO TPaKTOBaTb, KakK ypaBHeHUs1 coxpaHeHns SMI.

N3 cummeTpuyHoro TeH3opa (3) cnefytoT ypaBHeHusa aswxkeHust OMI B noTeHumanax,

onncbiBawWME €ro 4eTblpeXMepHyro p,ecbopmau,mo:

20—128n¢+6tV~A—A(p=p/80 (12)
1 1
C—ZanA—gﬁtV([)—V(VA)—AA:,uOJ (13)

YpaBHeHna (12) n (13) MOXHO 3anucaTb, MCMOMb3ys HOBble 0BO3HAYEHMS HaMNPSXKEHHOCTEWN
OMI1 B BUAe:
1
ZC—ZGth +V-K=plg,

CizatK—VG—V@)L:yO -J
rae VeL=(,L,+o,L)),+(,L, +9,L,), +(0,L,+I,L,),
OTn ypaBHEHMS ABNAOTCA HOBbIMU M B CYLLIECTBYIOLLEN INEKTPOANHAMUKE HEN3BECTHDI.
N3 aHTucMMmmeTpuyHOoro TeH3opa (4) cneayrT ypaBHEHUs ABuXKeHus OMI,
ONMCbIBaIOLLME Ero BpalleHMe B NCEBOOEBKINA0OBOM MPOCTPAHCTBE:!
—-o0,V-A-Ap=pleg, (14)
%6HA+%GIV¢)+VXVXA=%~J (15)
c c
OTN ypaBHEHUS XOPOLLO M3BECTHbI B anekTpogMHamumke. OHM BXOAAT B CUCTEMY YpaBHEHWUN
Makceenna. YpasHeHue (14) aBnsgeTtcsa 3anucbto 3akoHa [Faycca gns SMIT:
V-E=plg,
YpaBHeHue (15) aBnsaetcs ypaBHeHneM Amnepa-Makcsenna:

—CiZ@tE+V><B=,uO-J

EcTectBeHHO, 4TO npu cnoxeHwn ypasHeHun (12) n (14), (13) n (15), cooTBETCTBEHHO,
nonyuum ypasHeHus (8) u (9). Cnoxus ypaBHeHus (8) u (10), nonydnm ypasHeHue (12).
Cnoxwus ypaBHeHus (9) n (11), nonydnm ypasHeHue (15). Bbiuta U3 ypaBHeHusa (8) ypaBHeHue
(10), nony4nm ypasHeHue (14). Bbiuta n3 ypasHeHunsa (9) ypasHeHue (11), nony4ymm ypaBHeHue
(13). Takum obpasom, ypaBHeHus (8) — (15) B3anmocBsa3aHbl U NpeacTaBnAloT cobom MonHyo
CaMOCOrnacoBaHHyl0 CUCTEMY YypaBHeHun gOBmxeHnsa OMIT B  nceBOOEBKNMOOBOM
npocTtpaHcTBe MuHkoBckoro. B aTton HoBoun cucteme ypaBHeHus (8), (9), (14) n (15) nssecTHbl
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n3 cyuwecteyowen teopum IMI. YpasHeHusa (10) — (13) ABRAIOTCA HOBBIMW YpaBHEHUSAMMU
SMNEeKTPOAUHAMUKMN.
B cuctemy ypaBHeHun MakcBenna, kpome ypaBHeHun (14) mn (15), BxogaTt ABa
AndpdepeHumarnbHbIX ToOXOecTsa:
V-B=0 un 0B+VxE=0
OTW TOXOEeCTBa aBTOMATMYECKU CnefyrT U3  U3BECTHOrO TEH30PHOro ToxaecTBa BbsHKM
Fn TFix=F

. 1.k T Fya [3, ¢.70] Ans TeH3opa BTOpOro paHra, 3anucaHHoro Anst KOMMOHEHTOB
aHTUCMMMETPUYHOro TeH3opa (5). AHanornyHble auddpepeHumanbHble TOXOEeCTBa MOXHO
3anucatb 1 ana cMMMeTpU4Horo TeHsopa (6). Kpome Toro, nockonbKy KOMMOHEHTbI TEH30POB
(5) n (6) cBs3aHbl Mexagy cobon, TO ANs HUMX MOXHO 3anucaTb AuddepeHumarnbHble
TOXOECTBA, aHanorMyHble U3BECTHbIM B TEOPUM YNPYroctu Toxaectsam benbtpamu [4, ¢.98].
3pecb 3TM TOXOECcTBa He MpMBOOATCS, MOCKOMbKY MO MHEHMIO aBTopa, HEe NpeacTaBnsioT
dom3nyeckoro nHTepeca.

YpaBHeHus (8) n (9) ABNATCA KracCMYeCKMMU BOSTHOBLIMWN ypaBHeHMsMKU [Janambepa
N B CyLLECTBYIOLEN SNEKTPOANHAMUKE TPAKTYIOTCS KaK YpaBHEHUSA 3NEKTPOMArHUTHbBIX BOJSIH.
OpaHako BOMHbI, ONMUCbIBAaEMbIE 3TUMW YPaBHEHUAMU, HE coaepXaT KOMMOHEHTbI MarHUTHOro
nond, U NO3TOMY OHWM HE MOTYT OMUCLIBaTb ANEKTPOMAarHUTHbIE BOSHbI, NPUMEHSeMble O
paguoceasn. Kpome Toro, ypaBHeHne (9) He MOXeT 0ObSCHUTb KOPMYCKYNSApHbIE CBOMCTBA U
MOMEHT MMMNYyfbCa 3MEKTPOMAarHUTHbIX BOSMH. BonHbI, onucbiBaemMble ypaBHeHuem (8) ans
CKanapHOro noTeHuMana B HacTosllLee BpeMsi CYMTaTCA Heduandeckumn. YpasHeHus (8) u
(9) MOXHO TpakToBaTb, Kak onMcaHue TeH30pHbIXx BonH OMI. Torga ypaBHeHue (8) ans
CKanspHOro noTeHumana camMoCTOATENbHO HE MMeEEeT CMbICIia U ero HyXXHO paccmaTpuBaTtb
COBMECTHO C ypaBHeHMeM (9), Kak onncaHme eguMHoro TEH30pHOro BOSTHOBOIO npoLecca.

YpaBHeHue (13), cnegyroulee n3 CMUMMETPUYHOIo TeH3opa (4), no bopme npeacTasnseT
coboN 3NEKTPOMArHUTHLIN aHanor ypaBHEHUSI OBUXEHUS OOLLEero BmMaa M3OTPOMHOWM YNpYyrom
cpeapl [5 ¢.125], 4yacTo Ha3biBaeMoro ypaBHeHneM Jlame 1 onucbiBaroLEro pacnpocTpaHeHne
MEeXaHUYECKUX BOJSTH B CKMMAEMbIX JIMHENHO-YNPYrMX N30TPOMHbIX TBEPAbLIX U XUOKUX cpenax.
OTO BOMTHOBOE ypaBHEHME MOXHO 3anucaTb B BUAE HEO4HOPOLHOro BOMHOBOIO ypaBHEHMS,
neBas 4yaCTb KOTOPOro SABMSIETCA BOJSIHOBOW, TOorga ero npasad 4acTb OygeT onucbiBaTb

MCTOYHUK BOJIH:

1 1 1
ZOA-VV-A) =M=ty 3+ 509 =0, (16)



N3 aToro ypaBHeHWs criegyeT, YTO MNEpPEeMEHHbIi BO BPEMEHW [PadueHT CKansipHOro
noTeHuMana wnuM nepeMeHHoe noTeHumanbHoe anekTpuyeckoe none E, Bo3byxgaet B

NPOCTpaHCTBE nornepeyHble BOJIHblI BEKTOPHOIo noTeHuunasia suaa.:
1
ZOA-V(V-A)-AA=0 (17)

Knaccuyecknm nanyyarteriem O3SJNIeKTPOMarHUTHbIX BOJIH, MNpUUMEeHAEeMblIX B pPaaNOCBA3N,

ABIMAKOTCA pa3BEepHYyTble B MNMPOCTPaHCTBE obknaakm ANEKTPUHEeCKOro KoHAeHcaTtopa, Mexay
KOTOpbIMM CyLleCTByeT nepemMeHHoe MnoTeHunaribHoe O3JeKTpu4eckoe Trore EP B Buae

nepemMeHHOro BO BPEMEHU rpagueHTa CKansipHoro noTeHumnana, BblpaXeHne KOToporo CTouT B
npaBoWM YacTu BOSIHOBOro ypaBHeHusi (16). Takum obpas3om, 3TOT KraCCUYECKUn nanyyaTenb
9NEKTPOMAarHUTHbIX BOJSTH U3rly4yaeT B MPOCTPAHCTBO MonepeyHble aNeKTPOMarHUTHbIE BOSHbI,
OnucbiBaeMble O4HOPOAHbIM BOMHOBbLIM ypaBHeHMeM (17). 3To ypaBHEHME MOXHO 3anucatb B
BUAE:
1
C—ZanA—VxVxA—ZAA:O (18)

B nepBbii 4nNeH 3TOro ypaBHEHUSI BXOAWUT NMepeMeHHOe BUXPEBOE JreKTpuMYeckoe norne, a
BTOPOM YreH SBNAeTCA POTOPOM MarHUTHOro nonsg. Takum obpas3oM, BOSHbI, ONUCbIBAEMbIE
ypaBHeHueMm (17), cogepxaTt BUXPEBOE NEKTpUYeckoe U MarHUTHOe nore, YTo COOTBeTCTBYEeT
npeactaBneHnam o6 3neKkTPOMarHUTHbIX BOSHax, MPUMMEHSAEMbIX B paguocBaAsn. W3
ypaBHeHna (18) BUOHO, YTO B ONUCbIBAEMOWN UM 3NEKTPOMArHUTHOW BOJSTHE 3MEKTPUYECKOE U
MarHUTHOe nofe CcABuHYTbl MO pase Ha T/2, 4TO OOBACHAET MexaHu3M nepenayn
SNEKTPOMArHUTHON SHeprmm 3Ton BONMHOWM. OCOBEHHOCTLIO BOSHOBOrO YypaBHeHuUsa (18)
ABNSAETCHA HanMyne B HEM «3aMKHYTOW» MPOCTPAHCTBEHHOW 4acTu, B BMAE OBOWHOrO potopa
BEKTOPHOro noteHumana A, T.e. OHO COAEPXNUT OBONHYIO LIMPKYMSLMIO UNW BpaLLeHNe BEKTopa
A 1O 3aMKHYTOMY KOHTYpY, YTO, BO3MOXHO, OTpaxkaeT KOpPMyCKyrsipHble CBONCTBA U MOMEHT
UMMNynbca 9NEKTPOMarHUTHON BOSHbI, ONUCLIBAEMON 3TUM YypaBHeHMeM. Takum obpasom,
BONHOBOe ypaBHeHue (18) 6Gonee cooTBeTCTBYET (U3MYECKOMY MpeacTaBneHunto
9NEKTPOMarHUTHbIX BOJTH, NPUMEHSIEMbIX B paguoCBsa3n, YeM BONHOBOE ypaBHeHue (9).

B3as amBepreHumnio ot obenx vyacten ypaBHeHus (16), nonyy4nm BOMHOBOE ypaBHEHUE
ANS NPOAONbHbIX CKanspHbIX BOSTH AMBEPreHUnn BEKTOPHOMo noteHumana A:

ia (V-A)—ZA(V-A)=yV-J—iaV-E (19)
Cz tt 0 CZ t P

OTO BOSTHOBOE ypaBHEHNE MOXHO 3anncatb B O4HOPOOHOM BUOE.

izan(v-A)—A(v-A) =0 (20)
2c



N3 ypaBHeHus (20) cnepyeT, YTO NPOAOMbHbIE CKaNsipHble BOJHbI AVBEPrEHLUN BEKTOPHOIO
noTeHUMana A NMEIOT CKOPOCTb PAChpOCTPAHEHNSt v =~/2-C U Y HUX OTCYTCTBYET MarHUTHas
koMMNoHeHTa. Kak BUaHO 13 ypaBHeHMs1 (19), MICTOYHNKOM 3TUX BOSH SIBMSIETCSI NEPeMeHHas BO

BpeEMEHN TMJIOTHOCTb 9JJIEKTPUHECKUX 3apAOOB. Takne BOJHbI MOrytT BO3HUKaATb B

nnasMonogobHbIX cpenax.

4 JlarpaHXuaHbl 35f1IeKTPOMarHUTHOro nons
N3 Tpex TeHzopoB IOMI1 (1), (5), (6) cneayoT Tpu KBagpaTUYHbLIX MHBapuUaHTa WUIu
narpaHnxuvaHa SMIT:

- n3 6asoBoro TeH3opa AMI1 (1)
Ao =5 00) +2(V0)- 0.2 +2:0,A)-(0,A,)

- N3 aHTUCUMMETpPUYHOro TeH3opa OMIT (5) (6es yyeTa koadppurumneHTa 7a)
Ay = 2-(0—1252 _BY)= 2C—12-(—6tA—V(p)2 2. (VxA)’

- N3 cuMmmeTpu4Horo TeHsopa OMI (6) (6es yyeTa koadpdpuumeHTa Vi)

Ay =4-G?—2.K? 4212 =4Ci4(at¢)2+4-(V-A)2—20%(atA—v¢)2+2-(V®A)2
NarpaHxnan A, onucbiBaeT nonHyo aHepruo MM, a narpaHxuansl A, U Ag ONUCLIBaIOT,
COOTBETCTBEHHO, SHEPINI0 aHTUCUMMETPUYHON N CUMMETPUYHON YacTen SMI1.

B cywecTtsylowen Krnaccudeckom W KBAHTOBOW 3MEKTPOAMHAMUKE MPUMEHAETCS
narpaHxuvaH A ,g, cnegyrowmin n3 aHtucummeTtpudHoro TeHsopa AMI (5) n He copepxalumi
9Heprun pgedopmaumm OMI1. TpuMeHeHue 3TOro narpaHXxuaHa Bbi3blBaeT TPYAHOCTH,
CBSI3aHHbIE C €ro HEenosIHOTON U3-3a OTCYTCTBUSA B HEM AMaroHanbHbIX KOMMNOHEHTOB MOSTHOMO

TeHzopa OMI1 (1). Ona ycTpaHeHun 3Tux TpygHocTen depMnm MCKYCCTBEHHO BBEN B
narpawxuad L,, [OONONHWUTENbHLIN YNEeH, OMUChbIBaOWMIN [AnaroHanbHble  KOMMOHEHThI
MOSIHOrO WNNU CUMMETPUYHOro TeH3opoB IMI1. Takum o6pa3om, B HacTosLlEe BpemMs B
KBAHTOBOW 3NEeKTPOANHAMUKE WCMONb3YeTCA WCKYCCTBEHHAs KOHCTPYKUMSI narpaHxuaHa.

Narpanxunan A; cnegyeT n3 nonHoro TeHsopa AMI1 (1) n yxe coaepXuT ero anaroHarnbHble

yrieHbl, onucbiBawwme pedopmauno 3MIM. OTcioga  cnegyeT, 4YTO B KBaHTOBOW

SNeKTpoAuHaMuKe criegyeT ucnonb3oBaTb narpamwxuaH Ag nonHoro SMI1 He Tpebyrowmin

JOMOJSTHEHUH.
B KBaHTOBOW anekTpoaMHamMuke B Ka4yecTBe ypaBHeHUN aswkeHus MM npuHumatoTca
ypaBHeHna Makceenna B kanubposke JlopeHua unu KynoHa, T.e. nepexogaT OT ypaBHEHWN
10



Makceenna, cregywwmx U3 aHTUcUMMeTpudHoro TeH3opa OMI1 (5) kK ypaBHeHusM
Hanambepa (8) n (9) ana noteHumanos 3AMI1, cnegyowmx n3 nonHoro TeHsopa IMI1 (1).
Adpyrmmun cnosamu, € MOMOLLBI MpuMeMa KannbpoBKM, MepexoddT OT YacCTHbIX ypaBHEHUM
asmxkeHus IMIT (14) n (15) k obwmum ypaBHeHnam gsmxeHna (8) n (9). Ho ycnosusa takoro
nepexoga B Buae kannbpook JlopeHua u KynoHa sBRSOTCA MCTOMHUKOM AanbHEenLwmx
TPYAHOCTEN B KBAHTOBOW anekTpoauHamuke. Takum obpa3omM, B KBaHTOBOW 3MNEKTPOANHAMUKE
cnegyet NpUMEHsSTb MNOMHbIM TeH3op OMIT (1), NOCKONbKY M3 HEro crnenywT ypaBHEHUS

Hanambepa (8) n (9) ans noteHumanoB OMI1 6e3 npumeHeHus kanubposok JlopeHua u

KynoHa, a Takxke nonHeii narpanxvad Ag SMI, He Tpebytowmnin BBeaeHNUS AONONHUTENBbHBLIX

yneHos. [NpumeHeHne nonHoro TeHsopa AMIT (1) n narpaHxvaHa A; MO3BOMUT YCTPaHUTb

TPYyOHOCTU N bonee nocnegoBaTesibHO U KOPPEKTHO U3NMOXUTb KBAHTOBYHO 3NTEKTPOANHAMUKY.

5 AneKTpomMarHMTHbIe CUMbI
Mony4ymMm BbipaXKeHUs1 ANsi 3MeKTPOMarHUTHbIX CUNT B3aMMOZENCTBUS CUIOBbLIX MONew

Gy, L, K, E, B c anektpuyeckumu 3apsgamum U Tokamu. IOTU BbIPaXEHUA Hangem B Buae
ckansipHoro npowusseaeHnst TeH3opos OMIT (3) v (4) Ha 4-BekTop nnoTHocTu Toka J,(C- p,i-J).

3anuwem KOMMOHEHTHI ANEeKTPOMarHMUTHbIX CUIl, cneayrwmnx n3 aHTUCMMMETPUYHOIO TEH30Pa

(4) B BUOE MaTpuLbl (4Ns1 TPEXMEPHOIO NpeacTaBNeHuns i onyLeHa):

0 1EX-Jx 1Ey~Jy EEZ-JZ (21)
C C C
S[V#]:%' i-E, -p 0 I'Bz"]y _l'By"]z Z%'(E-Ew],E'p,—BXJ)
i-E,-p —i-B,-J, 0 i-B,-J, ¢
i-E,-p i-B,-J, -—i-B.J, 0

Takum, obpasom, N3 aHTUCUMMETPUYHOrO TeH3opa (4) crnegyeT Tpu Buaa cun, B TOM 4ucne
cunbl KynoHa n Amnepa.
AHanorMyHo 3anulieM KOMMOHEHTbl 3MEKTPOMAarHUTHbIX CWM, Creaywwux u13

CUMMETPUYHOIO TEeH30pa (4) B BUAE MaTpuubl (4NA TPEXMEPHOro NpeAcTaBieHus | onyLweHa):

2.¢-G,-p —EKX-Jx —le-Jy —EKZ-JZ
11 4.k 2(':G J 'CL J 'CL J 1 1 (22)
S(W):E. i-K p 4-G,-J, -k -, i-L,-J, :E.(ZC.Gt.p,_,K.JlK.p.,z.G.J,L@)J)
) . , ) c
i-K,-p i-L-J, 2i-G,-J, i-L.-J,
i-K,.p i-L,-J i-L -J 2-i-G,-J,

y X X y z
N3 cummeTpuryHoro TeHsopa (3) cnegyeTt NsiTb HOBbIX BUAOB cuil. O4eBUOHO, YTO MOCKOMbKY
HanpsbkeHHocT OMIT K v E, L n B cogepxaT O4MHAKOBblE KOMMOHEHTbl MPOM3BOOHbIX
noteHymnanos OMI 1 cBa3aHbl Mexagy cobon, To cunbl (21) 1 (22) MOXHO cYMUTaTb YCNOBHbLIMU,

a pearibHO ,El,eIZCTByPOLLI,I/IMI/I B npupoge cuiamu 6yﬂyT X CyMMbl. lNokaxem 3TO Ha npuMmepe
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cunbl KynoHa. B anektpoguHamuke crtatmdeckad cuna KynoHa 3anucbiBaeTcs 4vepes

noTeHumansl B BUAe:
S =p-E=p-(-Vo-0,A)

Mpw aTom BTOpOW YneH 0,A, cToAwmii B ckobkax, 06bI4HO oTBpackiBatoT, NpUHUMAS:
Sk=pE=p-(-Vo)

MoHATHO, YTO Takoe oTbpackiBaHWe 0,A He ABnsAeTca KoppekTHbIM. PeanbHon cunon KynoHa,

AEVCTBYIOLLEN B Npupoae, ABNAeTca cymma cun, obycnoBneHHbix nonsmu E n K:
1 1 1 1
Sk ZE-p-E+§-p-K=5-p-(—V¢—8tA)+§-p-(—V<0+é‘tA)=p-(—V¢)
AHanNoOrMYHbIN BbIBOA MOXHO caenaTtb U Ans cunsl AMnepa.
lMockonbKy CUMMETPUYHBIA (3) M AHTUCUMMETPUYHLIN (4) TEeH30pbl B CymMMe

npeacTaBnsaloT TeH3op (1), TO peanbHO AEWCTBYKOLWME B NPUPOAE 3MNEKTPOMAarHUTHbIE CUMbI
MONy4nMM CKansipHbIM YMHOXeHMeM TeHsopa (1) Ha 4-BekTop nnotHocTn Toka J,(C-p,i-J).

3anuwemM KOMMOHEHTbI CWUN, creaylouwme U3 3TOro Npov3BeAeHUs B Buae maTpuubl (Ans

TPEXMEPHOrO NPeACTaBreHuns i onylieHa):

L0 SZEA)Y 1A, LA,

S:(avA/l)-‘]/l: —i:(0,0) p  1-(0,A)- I, i'(axAy)"]y i-(0,A)-J, :E(at(p)-p,(7Vgo)-p,fl(alA)-J,(V-A)-J,(akAl)-J,
S0 e 1@,A)D, 1(@0,A)D, i-@,A)d, | © c
S@0) P 1@,A)I, @A), 1@,A),

OKOanTeHbHO I'IOJ'Iy‘-lVlM Bblpa)KeHVlﬂ ana naTm sngoB SﬂeKTpOMarHI/ITHblx cun, ﬂ,eIZCTByI'OLIJ,VlX

Ha 3rneKkTpunyeckme 3apdanbl 1 TOKA:

1
1) S, ==(0,p) p - AMHaMn4eckas ckanspHasa cuna o6beMHOro paclunmpeHunsi/cxaTus;
c
2) S, =(-V@)- p - cuna KynoHa;
1
3) S; =—=(0,A)-J- guHamnyeckas ckansipHasi cuna IMHeNHOro paclmpeHus/cxaTns;
C

4) S,=(0A)-J, - cymma cunbl Amnepa u cunbl Hukonaesa
5) S, =(V-A)-J - cuna HukonaeBa
MoHATHO, YTO cnny AMnepa MOXHO 3anncatb, Kak pasHocTb cun S, =S, - S, .

Cvnbl 1, 3, U 5 4BRAIOTCA HOBbIMM 3MEKTPOMArHUTHeIMM cunamn. Cuna 5
aKcnepuMeHTanbHO obHapyxeHa n uccrnegosaHa HukonaesbiMm [.B. [6], HO A0 HacToswero
BPEMEHWN He Mpu3HaHa B CBS3M C €e HeJoCTaTOYHbIM TeopeTudeckum obocHoBaHuem. Cuna
HvukonaeBa aBToMaTu4ecku criegyeT n3 cuMmmeTpudHoro teHsopa OMI1 (6). Cuna Amnepa un
cvna HukonaeBa npeacTtaBnsatoT cOb60n eauHyto TPEXMEPHYH TEH30pHYyH cuny. Cunbl 1 1 3
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Marbl, Tak Kak UMeT KoadppnumeHT 1/c n oo HacTosWeEro BpeMeHn He Obinn n3BecTHbl. OHK
ABMAAITCA OMHAMUYECKUMU CUNaMW U 3aBUCAT OT CKOPOCTM WU3MEHEHUS] CKandapHOro wu
BEKTOPHOro noTeHumanoB BO BpemeHu. M3 BbipaxeHus ana cunbl 1 cnegyet, 4to npwu
BO3pacTaHMM CKansipHOro noTeHuMana BO BPEMEHM B HEKOTOpon obnactv npocTpaHcTBa C
SNEKTPUYECKMMN 3apsgaMn, NoSBNAOTCS CUMNbl 0OBEMHOIO CXXaTusi U NMOBbLILLEHNSA NNIOTHOCTM
3apsigoB B 3ToM obnacTtu. Mpu 3ToM cunnbl 06bEMHOIO CXXaTnsa HanpasneHbl NPOTMB AEACTBUSA
cun KynoHa. 3Ty cunbl NposaBnSAT cebs B BbICOKOAMHAMUYHLIX 3NEKTPOMAarHUTHbIX
npoueccax, Tuna nnasMeHHoro dokyca. [lpumepoM UX NPOSABNEHUS  ABMSAKOTCA
anekTpoanHamudeckne  adppekTbl, Habniogaemble B BMAE  CamMOyCuMBaroLLEerocs
KYMYISATUBHOIO npouecca B3pbIBHOrO OOBLEMHOrO CXaTuss Martepuana MUWEeHUW Ao
CBEPXMNMIOTHOCTEN NPU BO3OEUCTBUM HA MULIEHb WMMYNbCHOrO 3MIEKTPOHHONO nyuyka
anuTenbHocTbio 108 cekyHabl [7], a 3aTeM B3pbIBHOMO pa3pyLUEHWst MALLEHW NOCHE OKOHYaHWS

AencTeus SNEKTPOHHOIo nMmnynbca.

6 3akniouyeHue
MpuMeHeHne  OedoyKTMBHOTO  MeToda W akCMOMbl O CyLIeCcTBOBaHMM B

ncesaoeBKINMMAOBOM TMPOCTPaHCTBE-BPEMEHU NOJNIA JJIEKTPOMArHATHOINO BEKTOP-NMoTeHuuasna

A, No3BonuIo nony4nte 4-TeH3opbl AMI1 1 cnefytoLLyio U3 HUX NMOJHYI0 CUCTEMY YpaBHEHWIA

OMI, BkntovatoLLyto ypaBHeHust MakcBenna.

Mony4eHbl TpM HOBble KOMMNOHEHTLI Gy, L, K HanpsxeHHocTen AMI1, oTpaxatowmx ero
yeTblpexmepHyo aedopmauunio. 3T TpU HOBble KOMMOHEHTbl OMIT MOXHO TpakToBaTb Kak
KOMMOHEHTbI TPEX HOBbIX CUITOBbIX NOMEN, JONOMHALWMX cunoBble nond E n B.

MonyyeHa duandeckan WHTepnpeTaums kanubposku JlopeHua, 3aknovarlasacs B
NCKIMOYEHN N3 paccMOoTpeHna obbemHon aedopmauumn SMI.

N3 TeHsopos OMI1 crneaytoT BOMHOBbLIE YPaBHEHUS, OMUCLIBAOLWNE TEH30PHbIE BOJSIHbI
(8) 1 (9), nonepeyHble BonHbl (17) BekTopHOro noteHuynana OMI n npogonbHble cKansipHble
BONHbI (20) AnBEpreHunn BEKTOPHOro noteHumana.

MonyyeHbl Tpu narpaHxvaHa OMI1 n nokasaHo, YTO B KBAHTOBOW 3NEKTPOAMHAMUKE
HeobxoaMMO ucnonb3oBaTh MOMHbIA narpaHxuad MMM Ay, cnegyroowmn n3 TeHsopa (1),
MOCKOSbKY M3 Hero crnefylTt ypaBHeHus Lanambepa (8) n (9) ana noteHuwanos 3MI1 6e3
NPUMeHeHNs kKannbpoBOK.

N3 TeHsopa SMI1 (1) nony4eHO BbipaxeHue ANns NATU 3NEKTPOMAarHUTHbIX CUIl, B TOM

4ynucne cun Kyn0Ha, AMHepa 1 Hukonaesa n ABYX HOBbIX AUHAMU4YE€CKUX CUJT.
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MpeactaBneHHoOe OOMOSTHEHUE K 3NEKTPOoAMHAMMKE OTKPbIBAET HOBYIO 0BnacTb Teopun
OMI1, onucbiBawoWwyd AWHAMUYECKME  MPOLECChbl, CBSA3aHHble C  YeTblpexmepHoun

Aedopmauunen nons.
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